Maternal age has a negative effect on offspring lifespan in a range of taxa and is hypothesized 19 to influence the evolution of aging. However, the mechanisms of maternal age effects are 20 unknown, and it remains unclear if maternal age alters offspring response to therapeutic 21 interventions to aging. Here, we evaluate maternal age effects on offspring lifespan, 22 reproduction, and the response to caloric restriction, and investigate maternal investment as a 23 source of maternal age effects using the rotifer, Brachionus manjavacas, an aquatic invertebrate. 24 We found that offspring lifespan and fecundity decline with increasing maternal age. Caloric 25 restriction increases lifespan in all offspring, but the magnitude of lifespan extension is greater in 26 the offspring from older mothers. The trade-off between reproduction and lifespan extension 27 under low food conditions expected by life history theory is observed in young-mother offspring, 28 but not in old-mother offspring. Age-related changes in maternal resource allocation to 29 reproduction do not drive changes in offspring fitness or plasticity under caloric restriction in B. 30 manjavacas. Our results suggest that the declines in reproduction in old-mother offspring negate 31 the evolutionary fitness benefits of lifespan extension under caloric restriction. 32 33 KEYWORDS 34 Maternal effects; aging; caloric restriction; evolutionary fitness; maternal investment 35 36 37 38
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AL CCR IF AL CCR IF AL CCR IF AL CCR IF Fig. 1 . Experimental design to test the combined effects of maternal age and offspring diet on offspring lifespan and fecundity. Newly-hatched offspring (F1) were collected from ad libitum fed, age-synchronized amictic (asexual) maternal females (F0, n = 180) at maternal ages of 3, 5, 7, and 9 days (F1 3 , F1 5 , F1 7 , and F1 9 , respectively). Offspring were subjected to an ad libitum diet (AL; 6 x 10 5 cells ml -1 Tetraselmis suecica), chronic caloric restriction (CCR; 6 x 10 4 cells ml -1 T. suecica, a 90% reduction in food relative to AL); or intermittent fasting (IF; alternate day AL and starvation). All rotifers were housed individually in 1 ml 15 ppt Instant Ocean and algae in 24-well plates. Survival and reproduction of the F0 and F1 were scored daily until all rotifers had died. For each F1 maternal age X diet cohort, n = 69 -72.
(experimental design in Fig. 1 Maternal investment 192 To determine if maternal investment in reproduction changes with maternal age, we conducted 193 a separate experiment to measure size and shape of female and male eggs from 3, 6, 9, and 11 194 d old mothers. Age-synchronized females were placed 2 per well in 1 ml of 6 x 10 5 cells ml -1 T. 
RESULTS
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Offspring Lifespan
246
Both maternal age and offspring diet affected offspring lifespan (Fig. 2, Fig. 3 ). Median offspring 247 lifespan declined significantly with increasing maternal age, but maximum lifespan did not 248 change ( Supplementary Table 1 ). Both CCR and IF significantly increased median and 249 maximum lifespan in all F1s, regardless of maternal age ( Fig. 3 , Supplementary Table 1) . Under 250 CCR, the percent increase in median lifespan was greater for F1 5 -F1 9 than for F1 3 , and under 251 IF it was greater for F1 7 and F1 9 than for F1 3 and F1 5 ( Supplementary Table 1 ). There was no 252 significant correlation between lifespans of individual mothers and their offspring for any 253 maternal age or under any F1 diet (data not shown, R 2 < 0.07 for all linear regressions). There 254 was a significant interaction between maternal age and offspring diet to determine F1 lifespan 255 (4.26% of total variance, F 6, 791 = 7.33, p < 0.0001). F1 diet had a greater influence on F1 256 lifespan (10.61% of total variance, F 2, 791 = 54.78, p < 0.0001) than did F0 age (F 3, 791 = 26.66, p 257 < 0.0001).
259
We estimated the onset and rate of aging by fitting a Gompertz function to the age-specific conditions. Significant differences from F1 3 are given by * (p < 0.05), ** (p < 0.01), *** (p < 0.001), or **** (p < 0.0001), or ns = not significant. Additional significance of differences in survivorship and hazard rate is given in Supplementary Table 1 . Statistical significance of differences in reproduction is shown in Supplementary Table 2 . For each F1 maternal age X diet cohort, n = 69 -72. , and cumulative fecundity (M-P) for F1s from 3, 5, 7, or 9 d old mothers (F1 3 , F1 5 , F1 7 , and F1 9 , respectively). n = 69 -72 for each F1 maternal age X diet cohort. Statistical significance of differences in survivorship and hazard rate is given in Supplementary under IF (Fig 4) .
280
Total lifetime fecundity declined significantly with increasing maternal age under all F1 diets (Fig.   281 4). While lifetime fecundities were similar under AL and CCR for young and middle maternal 282 ages (F1 3 -F1 7 ), for F1 9 the decline in fecundity under AL was partially rescued by CCR.
283
Maternal age and F1 diet interacted significantly to determine lifetime F1 fecundity (2.0% of the 284 total variance, F 6, 787 = 3.39, p = 0.0026). Maternal age had a greater impact on fecundity (13.7% 285 of the total variance, F 3, 787 = 46.62, p < 0.0001) than did F1 diet (7.1% of the variance, F 2, 787 = 286 36.04, p < 0.0001). Non-viable embryo production was strongly influenced by both maternal age (F 3, 785 = 6.33, p = 289 0.0003) and F1 diet (F 2, 785 = 19.32, p < 0.0001) (Fig. 4) . The total number of non-viable offspring 290 (unhatched eggs) produced by F1s under AL increased significantly with maternal age, doubling 291 for F1 5 and F1 9 (Supplementary Table 2 ). The timing of non-viable embryo production was 292 strikingly different between the offspring of young and old mothers under AL. For F1 Under all food conditions, increasing maternal age significantly decreased the reproductive 302 period and increased the post-reproductive period as a percentage of total lifespan (p < 0.0007 303 for F1 7 and F1 9 relative to F1 3 ; Fig. 5, 6 ; Supplementary Table 3 ). This effect was greatest for AL 304 and CCR diets, under which the reproductive period was significantly shorter and the post-305 reproductive period was significantly longer for F1 5 , F1 7 , and F1 9 than for F1 3 , both in actual 306 days and as a percent of lifespan (Supplementary Table 3 , Fig. 5, 6) . The pre-reproductive 307 period was not significantly changed by either maternal age or diet except for a slight increase 308 as a percent of total lifespan (though not in actual days) for F1 9 under AL conditions.
310
Both diet and maternal age changed reproductive continuity (Table 4 ). Only 2.8% of the F1 3 AL 311 cohort had discontinuous reproduction; this increased with maternal age to 7.7% for F1 9 AL, Relationships are fitted with second-order polynomial (quadratic) equations, and differences between the best-fit values for AL and CCR or AL and IF were determined with an extra-sum-of-squares F-test. CCR was significantly different from AL for F1 3 and F1 7 (p < 0.01) but not for F1 5 (p = 0.06) or F1 9 (p = 0.22). The regression for IF was significantly different from that for AL for all cohorts (p ≤ 0.0001). For each F1 maternal age X diet cohort, n = 69 -72. C) . Relationships were fitted with second order polynomial (quadratic) equations, and differences between F1 3 and older maternal age cohorts were tested using an extra-sum-of-squares F-test. Under CCR and IF, the lifespan-reproduction correlation was significantly different for the F1 5 , F1 7 , and F1 9 cohorts relative to the F1 3 (p < 0.05). For each F1 maternal age X diet cohort, n = 69 -72. Fig. 9 . Relative age-specific l x m x , a measure of relative fitness. Age-specific daily reproduction (l x ) multiplied by survivorship (m x ) for F1s under chronic caloric restriction (CCR) or intermittent fasting (IF) is given relative to l x m x for ad libitum (AL) fed F1s. Relative age-specific fitness (left) and relative cumulative fitness (right) are shown for offspring from different age mothers: (A-B) F1 3 , (C-D) F1 5 , (E-F) F1 7 , (G-H) F1 9 . For each F1 maternal age X diet cohort, n = 69 -72. 469 To assess the effects of maternal age and to evaluate the Disposable Soma theory and the 470 evolutionary theory of the response to caloric restriction, many studies focus on end-point 471 assessments such as median and maximum lifespan and on trade-offs between longevity and 472 lifetime reproduction 29,87-90 . In reality, evolutionary fitness is an age-specific combination of 473 innate lifespan, resistance to external mortality, and reproduction. Relative l x m x provides an age-474 specific measure of relative fitness that incorporates age-specific survivorship, fecundity, latency 475 to reproduction, and timing of reproductive senescence.
Caloric restriction increases relative fitness only in late life
477
Averaged over lifetime, the shift to lower daily reproduction and extended lifespan under CCR 478 and IF appears maladaptive relative to the reproductive strategy under AL; the integrated 479 relative lifetime l x m x is negative for CCR and IF. CCR and IF both provide an age-specific late 480 life benefit, however, supporting the Disposable Soma theory for the evolution of lifespan 481 extension in response to caloric restriction. It is hypothesized that those individuals that are able 482 to reallocate resources from reproduction to maintenance of the soma during times of famine 483 have a selective advantage; this strategy allows the organism to make it through the period of 484 starvation, and produce offspring later when resources become available 55,59 . In the current 485 study, the relationship between lifespan and lifetime reproduction was positive within each 486 population, showing that longer-lived individuals tended to reproduce more. When food was limited by CCR or IF, however, the slope of the lifespan-reproduction correlation decreased, Gerontology 9, 51-69, doi:10.1016/0531-5565(74) 90008-4 (1974) . 614 
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